Chinese formula that was first prescribed by a royal physi cian in the Ming Dynasty. PZH has been used to treat various types of cancers including osteosarcoma. Previous studies have shown that PZH may effectively inhibit osteosarcoma cell growth in vivo and in vitro via induction of apoptosis and inhibition of migratory and invasive abilities. However, little is known regarding the effects of PZH on osteosarcomas that are resistant to chemotherapy, which has emerged as a major clinical problem. In the present study, the cellular effects of PZH on multidrug-resistant U2OS/ADM human osteosarcoma cells were investigated. Our results showed that PZH reduced cell viability in a dose-and time-dependent manner and arrested cells in the G 2 /M phase of the cell cycle, suggesting that PZH inhibits the proliferation of U2OS/ADM cells. Hoechst 33258 staining and Annexin V/propidium iodide double staining revealed typical nuclear features of apoptosis, and treatment with PZH increased the proportion of apoptotic Annexin V-positive cells in a dose-dependent manner. Further experiments demonstrated that apoptosis induction by PZH was accompanied by downregulation of Bcl-2 and survivin and upregulation of Bax. In addition, following treatment with PZH, intracellular Rhodamine 123 accumulation was increased and the expression of P-gp was significantly suppressed. Taken together, these results provide a possible molecular mechanism for the anticancer effect of PZH on U2OS/ADM cells and suggest that PZH may be a potent therapeutic agent for drug-resistant osteosarcoma.
Introduction
Osteosarcoma (OS) is the most common primary bone malignancy mainly affecting children and adolescents with an extremely high propensity for local invasion and distant metastasis (1, 2) . Chemotherapy has become a cornerstone for the primary treatment of osteosarcoma. Multimodal treatment regimens usually involve neoadjuvant chemotherapy with highdose methotrexate, doxorubicin, cisplain and more recently ifosfamide. This regimen has improved patient survival from 20% with surgical resection alone to 70% for localized disease (3) . However, despite intensive efforts in both surgical and medical management, the survival rate has not improved over the last 30 years, and 40% of OS patients succumb to the disease (4) . Multidrug resistance (MDR) is a formidable barrier to the success of cancer chemotherapy (5, 6) . Therefore, researchers are working intensely to discover new anticancer drugs as therapeutic regimens against OS.
Natural products, including plants, animals and microorganisms, have played a major role in new drug discovery for centuries, with over 74.9% of approved anticancer agents being of natural origin (7, 8) . Traditional Chinese medicine (TCM) uses natural products guided by TCM theories, to treat various diseases. TCM has been confirmed to possess effective anticancer drugs against cancers including OS (9-11), and even against drug-resistant cells (12) (13) (14) . Pien Tze Huang (PZH) is a well-known traditional Chinese formula that was first prescribed 450 years ago in the Ming Dynasty. The main ingredients of PZH include Moschus, Calculus bovis, snake gall and Radix Notoginseng. The main efficacy of PZH is heat-clearing, detoxification, promotion of blood circulation, reduction in blood stasis and swelling (15) . According to TCM theories, the pathogenesis of cancer is related to accumulation of toxic dampness and heat and stagnation of blood stasis, thus PZH has been used to treat various types of cancers (16) (17) (18) (19) . Our previous studies revealed that PZH is able to inhibit OS growth in vivo and in vitro via induction of apoptosis and inhi-bition of migratory and invasive abilities (20) (21) (22) (23) . However, little is known regarding the effects of PZH on chemotherapyresistant OS cell lines.
OS cells employ a host of different mechanisms against resistant to one or more chemotherapeutic drugs. Abnormal expression of apoptosis-related proteins is closely related to chemotherapeutic drug resistance. Previous reports indicate that Bcl-2 family proteins are expressed at a high level in OS (24) . Apoptosis is regulated by the balance of pro-and anti-apoptotic members of the Bcl-2 family proteins. Antiapoptotic Bcl-2 protein is a key protein that blocks apoptosis; overexpression of anti-apoptotic Bcl-2 protein is closely related to evasion of apoptosis and increased chemotherapy resistance. In contrast, pro-apoptotic Bax proteins can improve the sensitivity of malignant cells to apoptosis, thereby overcoming drug resistance (25, 26) . Survivin protein which belongs to the inhibitor of apoptosis (IAP) family has two known functions: regulation of cell division and inhibition of apoptosis. It has been widely demonstrated that overexpression of survivin causes resistance to various chemotherapeutic agents (27) . P-glycoprotein (P-gp), a transmembrane glycoprotein, that functions as a drug efflux pump, reduces the intercellular accumulation and toxicity of numerous anticancer drugs, including doxorubicin, paclitaxel, and the vinca alkaloids. The overexpression of P-gp is one of the most studied mechanisms of drug resistance (28, 29) . In addition, P-gp also plays a special role in the caspase-dependent apoptosis pathway in drug-resistant cancer cells (30) .
In order to extend the clinical observations of the potential anticancer effect of PZH and help to elucidate the mechanism of its anticancer activity, in the present study, the cellular effects of PZH on multidrug-resistant OS U2OS/ADM cells were investigated, and the changes in apoptosis and drug-resistance-related factors were also examined. We found that PZH significantly inhibited the growth of U2OS/ADM cells through arrest in the G 2 /M phase of the cell cycle and promoted apoptosis of U2OS/ADM cells by downregulation of the expression of Bcl-2 and survivin and upregulation of the expression of Bax; at the same time P-gp expression was inhibited. These data indicate that PZH is a valuable agent that may be useful for treating OS patients with drug resistance. Cell lines and cell culture. The human OS cell line U2OS was obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). The multidrug-resistant OS cell line U2OS/ADM, which overexpresses multidrug resistance protein 1 (MDR1, also known as P-gp) and multidrug resistance-associated protein (MRP1), was selected in a step-wise manner by exposing drug-sensitive parental cells to increasing doses of adriamycin (ADM) (31) . Both cell lines were grown as adherent monolayers in a flask with DMEM culture medium containing 10% FBS and 100 U/ ml penicillin and 100 µg/ml streptomycin at 37˚C in a humidified atmosphere of 5% CO 2 . To maintain drug resistance, 1 µg/ ml ADM was supplemented at a regular interval of 2 days, but was omitted 2 weeks before any of the experiments. Logarithmically growing cells were used for all experiments.
Materials and methods

Materials
Cell viability studies. The effects of PZH on the proliferation of U2OS/ADM and U2OS cells were measured by MTT colorimetric assay. Cells were seeded at 1x10 4 cells/well in 96-well plates (Corning Costar Corporation, Corning, NY, USA). After 24 h of incubation with fresh medium, various concentrations of PZH were added to the plates. The number of viable cells was determined at daily intervals (24, 48 and 72 h). At the end of the treatment, 100 µl MTT [0.5 mg/ml in phosphate-buffered saline (PBS)] was added to each well, and the samples were incubated for an additional 4 h at 37˚C. The purple-blue MTT formazan precipitate was dissolved in 100 µl DMSO. The absorbance was measured at 570 nm using an ELx808™ absorbance microplate reader (BioTek Instruments Inc., Winooski, VT, USA). The relative cell viability was expressed as the ratio (%) of the absorbance in the experimental wells to that of the control wells (normal culture medium with 1% DMSO). The 50% inhibitory concentration (IC 50 ) was calculated.
Cell cycle assays. Cell cycle analysis was carried out by a flow cytometry assay and the Cycle Test Plus DNA Reagent kit. Briefly, U2OS/ADM cells were treated with PZH for 48 h at concentrations of 0.4, 0.8 and 1.6 mg/ml. Control cells were treated with normal culture medium with 1% DMSO. After incubation, cells were harvested by trypsinization and washed twice with ice cold PBS. PI staining was performed according to the Cycle Test Plus DNA Reagent kit manufacturer's recommendations. Finally, the cell cycle distribution was determined using fluorescence-activated cell sorting (FACSCalibur; Becton-Dickinson, San Jose, CA, USA). The proportion of DNA in different phases was analyzed using ModFit LT version 3.0 (Verity Software House, Topsham, ME, USA).
Hoechst 33258 staining assay. U2OS/ADM cells were seeded into 6-well plates at a density of 2.0x10 5 cells/well and incubated for 24 h to allow cell attachment. Different concen-trations of PZH were then added to each well and incubated for an additional 48 h, and the cells were then washed with ice cold PBS twice and fixed with 4% paraformaldehyde for 15 min at room temperature. The cells were incubated in 1 ml PBS containing 10 µmol/l Hoechst 33258 at 37˚C for 30 min. Fluorescence microscopy (Olympus, Japan) was used to observe the apoptotic characteristics of nuclear condensation. 
Annexin
RNA extraction and RT-PCR analysis. U2OS/ADM cells were seeded into 25-cm
2 culture flasks at a density of 1x10 5 cells/ml in 4 ml of medium and treated with various doses of PZH for 48 h. Total RNA from U2OS/ADM cells was isolated with TRIzol reagent (Invitrogen). Oligo(dT)-primed RNA (1 µg) was reverse-transcribed with SuperScript II reverse transcriptase (Promega, Madison, WI, USA) according to the manufacturer's instructions. The obtained cDNA was used to determine the mRNA amount of Bcl-2, Bax and survivin by PCR with Taq DNA polymerase (Fermentas). GAPDH was used as an internal control. The primers and the annealing temperature (˚C) used for amplification of Bcl-2, Bax, survivin and GAPDH transcripts are as follows: Bcl-2 forward, 5'-CAG CTG CAC CTG ACG CCC TT-3 and reverse, 5'-GCC TCC GTT ATC CTG GAT CC-3' , 55˚C; Bax forward, 5'-TGC TTC AGG GTT TCA TCC AGG-3' and reverse, 5'-TGG CAA AGT AGA AAA GGG CGA-3', 55˚C; survivin forward, 5'-ACC ACC GCA TCT CTA CAT TC-3' and reverse, 5'-GTT CCT CTA TGG GGT CGT C-3' , 55˚C; P-gp forward, 5'-TAG AAA ACT TCC GAA CCG TTG T-3' and reverse, 5'-TAG CTG TCA ATC AAA GGG GTT T-3', 55˚C; GAPDH forward, 5'-AGA AGG CTG GGG CTC ATT TG-3' and reverse, 5'-AGG GGC CAT CCA CAG TCT TC-3' , 55˚C. PCR products were visualized on a 1.5% agarose gel. The DNA bands were examined using a Gel Documentation System (Model Gel Doc 2000; Bio-Rad Laboratories, Hercules, CA, USA). Intensities of the mRNA levels were normalized to those of the GAPDH products as ratios to produce arbitrary units of relative abundance.
Western blot analysis. U2OS/ADM cells were treated with various doses of PZH for 48 h. The cells were harvested; protein lysates from the cells were generated through the mammalian cell lysis buffer containing protease and phosphatase inhibitor cocktails. The quantification of the protein content was performed with the bicinchoninic acid (BCA) protein assay kit. Equal aliquots of protein lysate were separated by 12% SDS-PAGE, followed by electrophoresis and transferred to polyvinylidence difluoride (PVDF) membranes. Membranes were blocked for 1 h in 5% nonfat dry milk in TBS with Tween-20 (TBST) and probed overnight with appropriate dilutions of primary antibodies against Bcl-2 (1:1,000), Bax (1:500), survivin (1:1,000), P-gp (1:1,000) and β-actin (1:1,000) at 4˚C. Three consecutive washes were performed for 10 min with TBST; the membranes were incubated with the secondary HRP-conjugated antibodies at a dilution of 1:2,000 for 1 h at room temperature. Finally, the membranes were washed again in TBST. Antibody-bound protein band detection was performed with the ECL Detection VersaDoc™ Imaging System (Bio-Rad Laboratories).
Statistical analysis. All of the data were confirmed by at least 3 independent experiments. Statistical analysis of data was carried out using the statistical software SPSS 13.0. Data are expressed in terms of means ± SD. The statistical analysis of the results was performed by Student's t-test for paired samples. Differences between concentrations were analyzed statistically with ANOVA. A P-value <0.05 was considered to indicate a statistically significant result.
Results
PZH inhibits U2OS/ADM cell proliferation.
To investigate the effects of PZH on the viability of U2OS/ADM cells, an MTT assay was performed. As shown in Fig. 1A , U2OS/ADM cells and their parental U2OS cells were exposed to different PZH concentrations for 48 h, and PZH induced cell death in a dosedependent manner. The half-inhibitory concentration (IC 50 ) of PZH at 48 h in U2OS/ADM and U2OS cells was ~1.06 and 1.14 mg/ml, respectively, suggesting that PZH has similar inhibitory effects on cell proliferation in both resistant and parental OS cells. Thus, drug-resistant OS cells are sensitive to PZH. Fig. 1B shows that the treatment of U2OS/ADM cells with PZH resulted in a significant inhibition of cell growth in a time-dependent manner (P<0.05, vs. control group).
PZH induces U2OS/ADM cell cycle arrest at the G 2 /M phase.
The cell cycle is a crucial regulator of cell proliferation. When the cell cycle is disturbed, the rate of cell proliferation is reduced or apoptosis is induced. We aimed to determine whether PZH causes cell cycle arrest. Cell cycle distribution was evaluated by flow cytometry after U2OS/ADM cells were exposed to PZH at various concentrations for 48 h. As shown in Fig. 2A and B, the percentage of accumulated cells in the G 2 /M phase increased from 12.6% in the control group to 14.03, 17.27, 23.45 and 35.11% in cells treated with 0.4, 0.8, 1.2 and 1.6 mg/ml of PZH for 48 h, respectively. These results indicate that the inhibitory effect of PZH on U2OS/ADM cell proliferation was associated with G 2 /M phase cell cycle arrest.
PZH induces apoptosis in U2OS/ADM cells.
To determine whether the inhibition of cell growth by PZH resulted from the induction of apoptosis, Hoechst 33258 staining was performed to observe changes in cell apoptosis induced by PZH. Following treatment with different concentrations of PZH for 48 h, the cells were analyzed by fluorescence microscopy. As shown in Fig. 3A , control cells showed round and homogeneous nuclei, while PZH-treated cells exhibited typical apoptotic morphologic changes including condensed and fragmented nuclei in a dose-dependent manner. To further 
PZH upregulates the expression of Bax and downregulates the expression of Bcl-2 and survivin.
It is well established that anti-apoptotic proteins Bcl-2 and survivin play an important role in preventing apoptosis in cancer cells while pro-apoptotic protein Bax has a reverse effect. To further study the mechanism of the induction of apoptosis by PZH activity, we performed RT-PCR and western blot analysis to examine the mRNA and protein expression of Bcl-2, survivin and Bax in PZH-treated U2OS/ADM cells. The results of the RT-PCR assay showed that the pro-apoptotic Bax was significantly upregulated and the anti-apoptotic Bcl-2 and survivin were significantly decreased; both effects occurred in a dose-dependent manner ( Fig. 4A and B ; P<0.05, vs. control group), and the pattern of protein expression of Bax, Bcl-2 and survivin was similar to their respective mRNA levels (Fig. 4C) . These results indicate that PZH induced apoptosis via the intrinsic pathway by upregulating expression of pro-apoptotic Bax and downregulating anti-apoptotic Bcl-2 and survivin in U2OS/ADM cells.
PZH decreases P-gp expression.
Overexpression of P-gp, which reduces the intercellular accumulation and toxicity of many anticancer drugs, is one of the most studied mechanisms of drug resistance. U2OS/ADM cells have been shown to express high levels of P-gp (31) . To investigate whether PZH may modulate P-gp expression, the intracellular accumulation of Rhodamine 123 was examined by flow cytometry. As shown in Fig. 5A , the intracellular accumulation of Rhodamine 123 in U2OS/ADM cells was dose-dependently increased when compared to the control group after treatment with PZH (P<0.05, vs. control group). In addition, the expression of P-gp was also determined by RT-PCR and western blotting after treatment with various concentrations of PZH. The results indicated that PZH treatment profoundly and dosedependently reduced the expression of P-gp ( Fig. 5B and C) .
Discussion
Drug resistance to chemotherapeutic agents is a major obstacle to the treatment of human osteosarcoma. Despite the numerous studies that have attempted to develop and discover effective chemotherapeutic drugs or reversal agents, the successful modulation of clinical drug resistance has not been achieved (32, 33) . Thus, it is imperative to develop less toxic and more efficient therapeutic anticancer agents. TCM has recently been recognized as a new source of anticancer drugs and new chemotherapy adjuvants to enhance the efficacy of chemotherapy and to diminish side-effects and the resistance of cancer chemotherapies (34) . PZH, a wellknown traditional Chinese formula which was first prescribed 450 years ago in the Ming Dynasty, has been used to treat various types of cancers (16) (17) (18) (19) . Our previous studies revealed that PZH significantly inhibited the proliferation of U2OS parental cells, arrested the cell cycle in the G 2 /M phase and promoted apoptosis (20, 22) . However, the effects of PZH on chemotherapy-resistant osteosarcoma cells are still largely unknown. Therefore, in order for PZH to be further developed as an anticancer agent, its inhibition of chemotherapy-resistant OS cell proliferation and the underlying mechanisms must be elucidated.
We first tested PZH for cytotoxicity against chemotherapy-resistant OS U2OS/ADM cells and the parental cells in vitro. We found that PZH had a marked inhibitory effect on the cell proliferation in both the resistant and sensitive OS cell lines. The IC 50 of U2OS/ADM cells was quite similar to the U2OS cells, indicating that PZH has no cross-resistance to adriamycin and other classic anticancer drugs. The observations of the morphological changes and Annexin V/PI double staining analysis indicated that the percentage of apoptotic cells increased in a dose-dependent manner following incubation with different concentrations of PZH for 48 h. These results suggest that PZH may play an important role in the treatment of patients with drug-resistant OS.
Cell cycle control is one of the major regulatory mechanisms of cancer cell division and duplication. When suffering drug-toxicity, cancer cells may activate cell cycle checkpoints to block cell cycle progression, which enhances damage repair and leads to a resistance phenotype. Many anticancer agents have been reported to arrest the cell cycle at a specific checkpoint (11, 35, 36) . Therefore, inhibiting the specific checkpoint of the cell cycle is one of the key approaches for the development of anticancer agents. To determine whether PZH inhibited cell proliferation via cell cycle arrest, flow cytometric analyses of the cell cycle were performed. We found that the effect of PZH in resistant U2OS/ADM cells was associated with cell cycle arrest at the G 2 /M phase in a dose-dependent manner, indicating that PZH inhibited U2OS/ADM cell proliferation by blocking the G 2 to M progression, which may partly explain its mechanisms of antitumor activity.
Apoptosis, a type of programmed cell death, is a major mechanism of cell death following many types of chemotherapeutic agents. It is also closely related to chemotherapeutic drug resistance. Apoptosis occurs via two main routes, including the extrinsic and the intrinsic pathways. The intrinsic pathway is the major route for chemotherapy-induced apoptosis, and perturbation of this pathway may lead to considerable alterations in the response to chemotherapy (37) . It has been confirmed that overexpression of Bcl-2 protein is correlated with chemotherapy resistance, and lentivirus-mediated Bcl-2 knockdown was found to sensitize human drug-resistant OS MG63 cells to doxorubicin (26) . Similarly, the correlation of Bax expression levels with response to chemotherapy has generated conflicting reports (25) . Our previous studies found that the expression of survivin in U2OS/ADM cells was significantly higher than that in the parental cells (31) . Therefore, the upregulation of Bcl-2 and survivin and the downregulation of Bax are related to the reduction in sensitivity to apoptosis in cancer cells. In the present study, an decrease in Bcl-2 and survivin and an increase in Bax were observed in U2OS/ADM cells following treatment with PZH, suggesting that PZH may induce U2OS/ADM cell apoptosis.
Recent studies have demonstrated that P-gp does not only function as an energy-dependent drug pump to reduce intracellular chemical concentrations, but also leads to drug-resistance through inhibiting the activation of caspase-3 and -8 (38) . As P-gp plays a key role in inhibiting apoptosis in drug-resistant cancer cells, effective inhibition of P-gp may be critical for providing a targeted site for cancer treatment for patients with drug resistance. The present study showed that the treatment of U2OS/ADM cells with PZH led to a dose-dependent decrease in P-gp mRNA and protein, accompanied by elevated Rhodamine 123 accumulation, which may result in apoptosis and cytotoxic effects in U2OS/ADM cells.
In conclusion, our data for the first time demonstrate that PZH inhibits U2OS/ADM cell proliferation via cell cycle G 2 /M arrest and enhanced apoptosis via the downregulation of the expression of Bcl-2, survivin and P-gp and upregulation of Bax. These data suggest that PZH has potential as a therapeutic agent against multidrug-resistant osteosarcoma and warrants further in vivo investigation.
